A RSENIC IS A NATURALLY OCCURring element in soil. Medicinal use of arsenic for the treatment of leukemia and psoriasis, occupational exposure via inhalation, and drinking arseniccontaminated water are important sources of arsenic exposure. The International Agency for Research on Cancer 1 documented that inorganic arsenic compounds are skin and lung carcinogens in humans. Recent epidemiologic studies 2 have shown that arsenic exposure via drinking water was associated with an increased risk of lung cancer.
A RSENIC IS A NATURALLY OCCURring element in soil. Medicinal use of arsenic for the treatment of leukemia and psoriasis, occupational exposure via inhalation, and drinking arseniccontaminated water are important sources of arsenic exposure. The International Agency for Research on Cancer 1 documented that inorganic arsenic compounds are skin and lung carcinogens in humans. Recent epidemiologic studies 2 have shown that arsenic exposure via drinking water was associated with an increased risk of lung cancer.
Residents of the southwestern and northeastern coasts of Taiwan had been drinking well water contaminated with a high concentration of arsenic before the establishment of the public tap water system. 3, 4 They were found to have an increased risk of cancers, including lung cancer. 2 Our previous study 2 followed up residents of the southwestern coast for 7 years and found a significant dose-response relationship between cumulative arsenic exposure and risk of lung cancer (relative risk [RR], 4.01; 95% confidence interval [CI], 1.00-16.12; for the highest level of arsenic exposure [Ն20 mg/L per year]) compared with unexposed residents. However, there were only 27 lung cancer cases identified; hence, the arsenic-exposed residents could only be divided into 3 groups.
Cigarette smoking has been found to be a major cause of lung cancer during the past 50 years, and it was estimated that quitting cigarette smoking may prevent more than 90% of lung cancers. 5 A meta-analysis 6 of studies on occupational arsenic exposure via inhalation found a synergistic effect of cigarette smoking and arsenic on lung cancer, and 30% to 54% of lung cancer cases were attributable to both exposures. A population-based case-control study reported an odds ratio (OR) of 32.0 (95% CI, 7.2-198.0) for cigarette smokers who had an ingested arsenic exposure level of 200 µg/L or higher compared with nonsmokers exposed to an arsenic level of less than 49 µg/L. 2 The OR was much higher than that for cigarette smoking alone (OR, 6.1; 95% CI, 1.3-39.2; for cigarette smokers compared with nonsmokers) and elevated arsenic exposure alone (OR, 8.0; 95% CI, 1.7-52.3; for arsenic exposure of Ն200 µg/L compared with Ͻ49 µg/L).
This study combined 2 study cohorts recruited from southwestern and northeastern Taiwan with 10 591 residents who had been followed up for an average of 8 years in an effort to elucidate the dose-response relationship between ingested arsenic exposure and lung cancer risk. The larger number of study participants, longer period of follow-up with more incident lung cancer cases, and wider range of arsenic exposure levels provided us with a unique opportunity to further investigate the modifying effect of cigarette smoking on the association between ingested arsenic and lung cancer.
METHODS
A total of 2503 residents in southwestern and 8088 in northeastern arseniasisendemic areas of Taiwan were followed up for an average period of 8 years. Information on arsenic exposure, cigarette smoking, and other risk factors was collected at enrollment through standardized questionnaire interview, whereas the incident lung cancer cases were identified through linkage with a national cancer registry in Taiwan. The joint effect of arsenic and cigarette smoking was estimated by both etiologic fraction and synergy index. All participants provided oral or written informed consent to participate in this study, and the data collection procedures were reviewed and approved by the institutional review board of the College of Public Health, National Taiwan University, Taipei.
Study Areas
This study recruited study participants from 2 arseniasis-endemic areas in Taiwan: one included the 4 townships of Peimen, Hsuehchia, Putai, and Ichu on the southwestern coast, and the other included the 4 townships of Tungshan, Chuangwei, Chiaohsi, and Wuchieh in the northeastern Lanyang Basin. 3, 4 Residents in the southwestern endemic area had consumed artesian well water (100-300 m in depth) because of the high salinity of shallow well water (6-8 m in depth) for more than 50 years before the implementation of the tap water supply system in the early 1960s. 7 The estimated amount of ingested arsenic mainly from drinking water was as high as 1 mg/d in this area. 8 Residents in the northeastern endemic area had consumed water from shallow wells (Ͻ40 m in depth) since the late 1940s through the early 1990s, when the tap water system was implemented. Arsenic levels in well water in the northeastern Lanyang Basin ranged from less than 0.15 µg/L (undetectable) to more than 3000 µg/L. 4 
Study Cohorts
Southwestern Cohort. Participants in 2 studies conducted in the arseniasisendemic area of southwestern Taiwan were followed up in the current study, and a detailed description of the recruitment procedure for both studies has been reported previously. 2, 9 The first study included 257 patients with blackfoot disease (a unique peripheral arterial disease characterized by systemic atherosclerosis and dry gangrene of extremities in arseniasis-endemic areas) and 753 healthy community controls matched for age, sex, and residential townships. The second study included 1571 residents in 3 villages of Putai Township, including Homei, Fuhsin, and Hsinming, where the prevalence of blackfoot disease was the highest. Among these 2581 residents, 25 participated in both studies, and since national identification numbers were used for linkage with the national cancer registry profiles, the 53 (42 incomplete and 11 missing) without these numbers were also excluded from the analyses, resulting in 2503 study participants for the southwestern cohort.
Northeastern Cohort. The enrollment of study participants from the northeastern arseniasis-endemic area has been described in detail elsewhere. 4 Briefly, a total of 8102 residents from 4586 households of 18 villages participated in the baseline home interview from 1991 to 1994. The national identification numbers were missing for 14 participants; therefore, 8088 study participants remained in the northeastern cohort.
Arsenic Exposure
Southwestern Cohort. A structured questionnaire was developed to obtain detailed information on sociodemographic characteristics, residential and occupational history, history of drinking well water, and cigarette smoking and alcohol consumption by 2 welltrained public health nurses. For every study participant, both residential history and duration of drinking artesian well water were used to derive the cumulative arsenic exposure. Since only a few wells were in the same village, those who lived in each village shared these wells. Therefore, the median arsenic level of well water in a specific village tested in the early 1960s 10 was used as the arsenic concentration. Migration from one village to another also occurred, and the arsenic concentration in well water from different villages varied; thus, lifetime cumulative exposure was the best method of estimation, because it took into account not only arsenic concentration in well water, but also duration of drinking wa-ter. The lifetime cumulative arsenic exposure was obtained by multiplying the median arsenic concentration in 1 specific village by the duration of consuming artesian well water in that village and summing the values across the entire period when residing in the arseniasis-endemic area. Because residents in the northeastern cohort had their own well, from which they had drunk water for more than 50 years, the arsenic exposure could be estimated by direct testing of their well water. 4 To be compatible with this, we decided to use average arsenic concentration as a measurement of arsenic exposure, and this was calculated by dividing the lifetime cumulative arsenic exposure by the total years of drinking artesian well water. Arsenic exposures were available only for those who have complete information on arsenic exposure throughout their lifetime. If the median level of arsenic concentration was unknown for any village where a given study participant lived, the arsenic exposures of the study participant were classified as unknown, resulting in 775 study participants with unknown arsenic exposures.
Northeastern Cohort. Four welltrained local public health nurses conducted personal interviews with the same questionnaire developed for the southwestern cohort. There were a total of 3216 water samples (82.4%) collected from individual wells of 3901 households during the home interview. Because the wells of 685 households were no longer existent, the arsenic exposure of 1198 residents was classified as unknown. 4 For both study areas, we used a similar water sampling technique, and although the analysis methods differed (Natelson method 11 for southwestern cohort and Hydride Generation Atomic Absorption Spectrophotometer method 2 for northeastern cohort), it was found that the results were highly correlated. 12 The detection limits were 30 and 0.15 µg/L for the southwestern and northeastern cohorts, respectively. 2, 9 Among 1973 study participants with unknown arsenic exposure, 42% were men, with a mean age of 57.6 years; this was compatible with those who had arsenic exposure information.
Identification of Lung Cancer Cases
Each participant's unique national identification number was used to link with the computerized national cancer registry profiles in Taiwan to identify newly diagnosed lung cancer cases between January 1, 1985, and December 31, 2000. The cancer registry system was implemented in 1978 in Taiwan and was considered a nationwide cancer registry system with updated, accurate, and complete information.
Statistical Analyses
Follow-up person-years for each participant were calculated from the date of questionnaire interview to the date of cancer diagnosis, death, or December 31, 2000, whichever came first. Average arsenic concentration was arbitrarily divided into less than 10, 10 through 99.9, 100 through 299.9, 300 through 699.9, and 700 µg/L or higher so that there were enough lung cancer cases in each category. Measurements of cigarette smoking included smoking status (never, current, or past), numbers of cigarettes smoked per day, total years of cigarettes smoked, and cumulative exposure of cigarette smoking (pack-years). We defined past smokers as those who quit smoking at recruitment and current smokers as those who were still smoking at interview. The RRs and 95% CIs were estimated by Cox proportional hazards regression models. The adjustment variables in the final model included age (continuous), sex, years of schooling (0, 1-6, or Ͼ6 years), study cohort (blackfoot disease cases and matched controls of the southwestern coast, residents in arseniasis-hyperendemic villages of the southwestern coast, and residents of Lanyang Basin on the northeastern coast), cigarette smoking status (never, past, or current), and habitual alcohol consumption (no or yes). All analyses were performed with Stata statistical software (version 7.0, Stata Corp, College Station, Tex). The joint effect of arsenic and cigarette smoke was estimated by 2 indices of synergism. The first index was the etiologic fraction, which indicated the percentage of cases with both exposures that was due to the synergism 13 ([RR 11 -RR 01 -RR 10 + RR 00 ]/RR 11 ). The range of departure from additivity was estimated from the 95% CI of the etiologic fraction based on the methods described by Walker. 13 The second index was the synergy index, which was the ratio between the observed excess risk in those with exposures to 2 risk fac- Abbreviations: CI, confidence interval; RR, relative risk. *P for trend Ͻ.001. Those without an average arsenic level in well water were excluded from the trend test. †Adjusted for sex. ‡Adjusted for age in 1-year increment. §Eleven study participants of the southwestern cohort and 118 of the northeastern cohort had unknown duration of cigarette smoking. Two study participants of the northeastern cohort had unknown quantity of cigarette smoking. ¶Eleven study participants of the southwestern cohort and 147 of the northeastern cohort had unknown data. pares the average arsenic exposure level, age at recruitment, sex, years of schooling, cigarette smoking and alcohol consumption status at enrollment, and follow-up years among the 3 groups of study participants in the 2 cohorts. The average arsenic exposure level was highest among residents who lived in arseniasis-hyperendemic southwestern villages and lowest among those who lived in the northeastern endemic area. Most of the southwestern cohort consumed an average arsenic level greater than 100 µg/L, and most of the northeastern cohort consumed an average arsenic level less than 100 µg/L. The mean age at recruitment was lowest among residents in arseniasis-hyperendemic villages, and the sex distribution was similar in the 3 groups. Residents in the northeastern cohort reported the highest percentage of cigarette smoking and alcohol consumption. The average follow-up years were similar in the 2 study groups of the southwestern cohort (11 years) and shorter in the northeastern cohort (7 years).
TABLE 2 gives the numbers of personyears of follow-up and lung cancer cases by age at recruitment, sex, years of schooling, habitual alcohol consumption, and cigarette smoking. Since the RRs associated with various risk factors were similar in the different study cohorts, only pooled data are given in Table 2 . Older age, male sex, and habitual alcohol consumption were associated with an increased risk of lung cancer, whereas years of schooling was not. Compared with nonsmokers, those who smoked cigarettes at recruitment had an increased risk of lung cancer (RR, 4.19; 95% CI, 2.28-7.70). Significant dose-response trends were observed for the duration (years), quantity (cigarettes smoked per day), and cumulative exposure (pack-years) of cigarette smoking, showing a 5-fold risk for the highest exposure group. A significant dose-response trend (PϽ.001) associated with increasing levels of arsenic exposure and risk of lung cancer was found with only age and sex adjustment.
Past and current smokers had a 4-fold risk of lung cancer compared with nonsmokers after adjustment for other risk factors, including ingested arsenic exposure (TABLE 3) . Similarly, after adjustment for other risk factors, including cigarette smoking, a significant dose-response trend was found for arsenic exposure (PϽ.001). The RR as- Relative risks and 95% confidence intervals are shown. The reference group was study participants who were exposed to the lowest level of arsenic (Ͻ10 µg/L) and never smoked cigarettes. Data have been adjusted for age at recruitment, sex, years of schooling, and habitual alcohol consumption in a proportional hazards analysis. sociated with the highest arsenic level (Ն700 µg/L) was 3.29 (95% CI, 1.60-6.78) after adjusting for age, sex, cigarette smoking status at recruitment, years of schooling, habitual alcohol consumption, and the cohort where they were originally recruited.
Among nonsmokers, those who were exposed to the highest arsenic level (Ն700 µg/L) had an RR of lung cancer around 2-fold (RR, 2.21; 95% CI, 0.71-6.86) when compared with those with the lowest level (Ͻ10 µg/L) (FIGURE). Among participants with the lowest arsenic level, those who had the highest cumulative cigarette smoking exposure had a 4-fold risk of lung cancer (RR, 3.80; 95% CI, 1.29-11.2) compared with nonsmokers. When compared with nonsmokers with an arsenic exposure level less than 10 µg/L, those who consumed well water with an arsenic level of 700 µg/L or more and smoked for more than 25 pack-years had a more than 11-fold risk of lung cancer (RR, 11.1; 95% CI, 3.32-37.2). Similar results were found when duration and quantity of cigarette smoking were used as indicators of cigarette smoking (data not shown). In addition, the etiologic fractions of lung cancer due to joint effect of cigarette smoking and ingested arsenic ranged from 0.32 to 0.55. In other words, 32% to 55% of lung cancer cases were attributable to both arsenic exposure and cigarette smoking. Furthermore, all synergy indices were greater than 1 (range, 1.62-2.52), indicating the existence of synergism in an additive way (TABLE 4) . However, the multiplicative interaction was not statistically significant (data not shown).
COMMENT
The association between ingested arsenic and lung cancer mortality was first reported through both ecologic correlation studies 5, 7 and a case-control study 2 conducted in the southwestern arseniasis-endemic area of Taiwan. The only follow-up study was based on the southwestern cohort of the current study with a 7-year follow-up period and 27 lung cancer cases. A 4-fold risk (95% CI, 1.00-16.12) was found for the highest cumulative arsenic exposure (Ն20 mg/L per year) compared with the unexposed. 2 In this study with a longer follow-up period and more lung cancer cases, we confirmed the elevated risk of lung cancer associated with arsenic exposure. In addition, we found a significant dose-response relationship in finer categories of arsenic exposure from less than 10 to 700 µg/L or more. Similar results were found in a hospitalbased case-control study (OR, 8.9; 95% CI, 4.0-19.6; for an average arsenic concentration of 200-400 µg/L compared with Ͻ10 µg/L). 10 The lung cancer risk among those with the highest exposures to cigarette smoking and arsenic could be as high as 11-fold when compared with nonsmokers with the lowest arsenic exposure. Approximately 32% to 55% of lung cancer cases were estimated to be attributable to the combined effect of cigarette smoking and ingested arsenic, depending on the levels of both exposures. The synergy indices ranged from 1.62 to 2.52, which were all above 1, indicating a synergistic effect under an additive scale. This finding was consistent with a meta-analysis 6 of occupational arsenic exposure via inhalation and cigarette smoking, with 30% to 50% of lung cancer cases attributable to both exposures. Other studies 2 also provided evidence of synergism between ingested arsenic and smoking but did not quantify the etiologic fraction.
Because lung cancer is a rare disease, we followed up all study participants to increase statistical power to detect a significant association at minimal exposure levels. Because most northeastern residents were at lower arsenic exposure levels and southwestern residents were at higher levels, we were able to stratify arsenic exposures into finer categories. The detection limits for arsenic analysis methods were also different in the 2 study areas (30 µg/L for the southwestern cohort and Ͻ0.15 µg/L for the northeastern cohort), but the arsenic concentration ranged from 350 to 1140 µg/L in the southwestern study area and less than 0.15 to 3590 µg/L in the northeastern study area. The misclassification of exposure due to detection limits should be minimal. In addition, the 3 study groups were compatible in their occupations, ethnic backgrounds, lifestyles, and dietary patterns. Although there were differences in age, cigarette smoking, habitual alcohol consumption, and years of schooling, these factors were adjusted in the regression analyses. To avoid any residual confounding of unknown factors among groups, a variable of study group was included in the analyses. A great effort was made to control for potential confounding factors, such as age, sex, education levels, and habitual alcohol consumption and status of cigarette smoking by adding them to the model. Since the arsenic exposure was estimated not only by water concentration but also by the duration of living in one specific village, the potential effects of immigration and emigration should be minimal. All lung cancer cases were pathologically confirmed, and the cancer registration rate was estimated to be as high as 98% during 1996 to 1999. Even if we might miss some cancer cases in earlier follow-up years, there was no reason to believe that the few missing cases would relate to the arsenic exposure and cigarette smoking in a selective way. Furthermore, the distribution of histologic types of lung cancers were similar to those of the whole country, with squamous cell carcinomas (45%) as the most common and adenocarcinomas (22%) the next most common.
The arsenic exposure was unknown for 31% of study participants in the southwestern cohort and 15% in the northeastern cohort. Because all these study participants were exposed to arsenic to some extent, their RR of developing lung cancer lay between the lowest and highest exposure levels. The exclusion of this group from the analyses did not alter the study outcome, and they were not included in analyses of dose-response trend and effect modification.
For the southwestern cohort, most residents started drinking artesian well water in the 1910s, and the tap water system was first introduced in the 1960s. 2 Most residents in Lanyang Basin had been drinking water from shallow wells since the 1940s, and the tap water system was not implemented in this area until the late 1990s. 4 Although the arsenic concentration in well water might change over time, it was reported that after rechecking the same well water 2 years after the survey, the concentrations were stable in the endemic areas. 15 However, there was no information on the longterm stability of arsenic concentration in the well water. In addition, the measurement of arsenic exposure was based on only 1 large-scale survey in the southwestern and northeastern endemic areas, so there might be some misclassification of arsenic exposure. Nevertheless, this misclassification was considered nondifferential, and the observed associations between lung cancer and ingested arsenic could be underestimated. The information on cigarette smoking was obtained only once at recruitment, and it was possible that some of the study participants might have changed their smoking status, which would lead to underestimation of lung cancer risk associated with cigarette smoking.
In this analysis, we confirm our earlier finding of an increased risk of lung cancer associated with increasing levels of arsenic exposure via drinking water. In addition, we found a significant doseresponse trend in the finer categories. Although this study is an extension of the previous findings, the results are relevant and of general medical interest. Furthermore, this effect was found to be stronger among those who smoked cigarettes, and the risk could be as high as more than 10-fold.
Our study provides evidence of a synergistic relationship between cigarette smoking and ingested arsenic on the risk of lung cancer. The reductions in cigarette smoking would likely reduce the lung cancer risk accompanied by exposure to arsenic, and similarly, reductions in arsenic exposure would reduce the lung cancer risk among cigarette smokers. Appropriate public health interventions, such as cigarette smoking cessation programs and reduction in arsenic concentration of drinking water, are warranted. Furthermore, it is essential to take cigarette smoking into consideration in the risk assessment and the determination of the maximal contamination level of arsenic in drinking water.
